Survival and reproduction are 2 key demographic variables influencing the dynamics of animal populations. Probabilities of survival and reproductive rates of small rodents vary over time in response to fluctuating environments, exhibiting both intra-and interyear variations (Crespin et al. 2002; Falls et al. 2007 ). Moreover, life-history theory posits a trade-off between survival and reproduction, predicting that animals reproduce at the cost of future survival (Koivula et al. 2003; Lambin and Yoccoz 2001; Stearns 1992) ; as a result, postreproduction survival would be lower than prereproduction survival in sexually mature individuals. Small rodents invest heavily in reproduction with large litter sizes and multiple litters per year (Yoccoz et al. 1993) . Gliwicz (1983) found that the survival of bank voles (Myodes [formerly Clethrionomys] glareolus) was lower during the breeding season than the nonbreeding season due to the cost of reproduction. Therefore, reproductive condition, as an endogenous factor, may contribute to the within-year variation in the survival of small rodents.
The Mongolian gerbil (Meriones unguiculatus) is a social rodent distributed in desert grasslands and agricultural fields of Inner Mongolia of China, Mongolia, and Russia (Liu et al. 2007) . Mongolian gerbils live in groups year-round. Each group consists of 2-17 individuals, including juveniles, adult males, and adult females, possibly an extended family group (Agren et al. 1989a ). Behavioral observations suggest that Mongolian gerbils are socially monogamous: male and female founders form a pair until 1 of them dies or disperses (Scheibler et al. 2004) . Furthermore, Mongolian gerbils are cooperative breeders (Clark and Galef 2001) . Each group has 1 breeding female. Juveniles (females in particular) often remain at their natal sites after weaning and assist in the care of young of their mothers or siblings (Agren et al. 1989a; Clark and Galef 2001) . Evidence suggests that juveniles delay sexual maturity and dispersal (W. Liu, pers. obs.) . Delayed dispersal or juvenile philopatry to natal burrow systems has been shown to correlate with extended family groups within prairie voles (Microtus ochrogaster) and appears to be the basis of social group formation in prairie voles (Solomon and Getz 1997) .
Group living evolves when the benefits outweigh the costs. Living in groups benefits social animals in resource and predation defense, resource acquisition, and adaptation to cold (Ebensperger 2001) . On the other hand, group living imposes fitness costs to social group members, for example, increasing risks of disease and predation and increasing intragroup competition for resources and mates (Ebensperger 2001; Lacey and Wieczorek 2003) . In cooperative breeders, juveniles remain at natal nests, become socially infertile (Clark and Galef 2001) , and even provide alloparental care, that is, assist in care of the young of mothers or siblings. For example, alloparental care enhanced litter sizes of Mongolian gerbils in seminatural conditions (Scheibler et al. 2005) . Socially infertile individuals share one-half of their genes with their mothers; thus, contributions of alloparental care by infertile kin to reproductive success of breeding members offer inclusive fitness benefits to infertile individuals (Hamilton 1964; Oli and Armitage 2003) . Furthermore, social infertility may enhance the survival of infertile subordinates due to trade-offs between survival and reproduction and render additional inclusive fitness to infertile group members (Oli and Armitage 2003) . Therefore, knowledge of the demography of social rodents is indispensable for understanding the fitness consequence of sociality and the evolution of social groups (Blumstein and Armitage 1998; McGuire et al. 1993 McGuire et al. , 2002 .
Since their introduction to the United States in the 1950s, Mongolian gerbils have been widely used as a model species in studies of social behavior and biomedical sciences in laboratories or under seminatural conditions (Razzoli et al. 2003) . However, little is known about the ecology and population dynamics of wild Mongolian gerbils (Agren et al. 1989a; Liu et al. 2007; Scheibler et al. 2006; Wang and Zhong 2006) . Studies of within-year variation in the demography of small rodents need monthly or bimonthly livetrapping and rigorous statistical models for the accurate estimation of demographic parameters Slade 2006, 2007) . We carried out a field study of the demography and population dynamics of wild Mongolian gerbils in an Inner Mongolian grassland, using capture-recapture methodology (Williams et al. 2001 ) from late April to late October 2006. The main objectives of our study were to describe seasonal changes in survival, reproduction, sex ratio, and population size of wild Mongolian gerbils from late April through late October; and to test the hypothesis that reproduction reduces future survival of Mongolian gerbils because of the cost of reproduction. We predicted that survival of breeding gerbils would be higher than that of mature (and previously reproductively active) gerbils at the time of capture. Although Agren et al. (1989a Agren et al. ( , 1989b studied the ecology and social behavior of wild Mongolian gerbils, their studies primarily used only field observations, did not estimate survival probabilities and population sizes with rigorous statistical models, and lasted for about 1 month. Thus, the present study is the 1st effort to investigate the population ecology of wild Mongolian gerbils using capture-recapture methodology.
MATERIALS AND METHODS
Study site.-Our studies were conducted at Xima Gou (village; 42u079N, 115u229E; 1,450 m elevation), approximately 30 km north of Baochang, Taipusi Qi (county), Inner Mongolia, China. The area was in a typical region where steppes were intermixed with croplands. The climate was semiarid and continental with a relatively hot summer and a cold, dry winter. Average monthly temperatures ranged from 219.1uC to 21.1uC. The mean annual total precipitation was about 350 mm, ranging from 258 to 550 mm. Snow cover lasted about 90 days from mid-or late October to early April (Liu et al. 2007 ). The total precipitation was 415 mm and the average monthly temperature was 12.2uC in 2006. The soil of the area was sandy and loamy Chestnut soil (Scheibler et al. 2006) .
Our trapping plot was situated on a 9-ha grassland (300 3 300 m) surrounded by wheat (Triticum) and cabbage (Brassica) cropland. Vegetation was dominated by the grass Leymus chinensis and the herb Corispermum mongolicum, but also included a mixture of grasses such as Cleistogenes squarrosa and Setaria viridis, herbs including Artemisia sieversiana, Artemisia scoparia, and Heteropappus altaicus, and small shrubs Caragana microphylla and C. korshinskii. Our trapping plot encompassed 31 gerbil burrow systems, that is, colonies, at the beginning of our study. The distance between 2 gerbil colonies ranged from 15.8 m to 274.9 m. The nearest neighboring gerbil population was about 1.5 km from our study site. Other rodents found in the study area included Spermophilus dauricus and Cricetulus barabensis. Steppe polecats (Mustela eversmanii) and least weasels (M. nivalis) occasionally visited our study site. No livestock were grazed at the study site during our study.
Trapping procedure.-Mongolian gerbils were livetrapped from 28 April to 21 October 2006 at 2-week intervals; hence, there were 12 trapping sessions in total. The average air temperature ranges from 219uC to 25uC during NovemberMarch at our study site; as a result, livetrapping during winter results in high trap mortality from extreme cold. Therefore, we did not trap during the winter. To enhance the probability of captures, we used a concentric circle trapping method (Liu et al. 2007) . Trap stations were arranged in 3 or 4 concentric circles at equal spacing at each burrow system, which was adjusted based on the area occupied by a burrow system. Four to 16 trap stations were spaced equally on each circle. One wire-mesh live trap (28 3 13 3 10 cm) was placed at each station with the trap door open toward a burrow entrance or gerbil runway if possible to maximize capture probability (Liu et al. 2007 ). About 450 traps in total were placed at all the entrances of 31 burrow systems each week and were baited with fresh peanuts at the time of trapping. Each trapping period lasted for 3 consecutive days. Traps were set at 0500-0600 h from May to August, and checked every 1-2 h until about 1100 h. Traps were closed from 1100 to 1500 h to avoid trap mortality from heat, and trapping resumed at 1600 h and continued until 1900 h. In April, September, and October, trapping started between 0630 and 0730 h and continued till 1730 h. Gerbils were active during our trapping hours (Agren et al. 1989a; Liu et al. 2007 ).
All captured gerbils were toe-clipped at the 1st capture for permanent identification, and 1 or more small patches of the agouti fur on the forehead, back, and hips were clipped to expose black hair for long-distance observation. We clipped no more than 1 toe per foot, removing one-half of a toe at the joint with a pair of sharp, thin-bladed scissors. The clipped toes were preserved in alcohol for analyses of microsatellite DNA in a separate study. We determined the sex of captured gerbils and weighed them to the nearest 0.1 g. Reproductive condition, trap location, and identification number were recorded for each capture. Males were considered in reproductive condition if they had scrotal testes and visible ventral scent glands with either clear contour or large, visible pores surrounded by secreted substance. Female gerbils were considered in reproductive condition if they had a bulging abdomen, enlarged nipples surrounded by white mammary tissue, or an opened pubic symphysis (Liu et al. 2007; Payman and Swanson 1980) . Gerbils were considered juveniles if their body mass was 30 g (Liu et al. 2007 ). Captured animals were released at the same site of capture. We considered gerbils captured in a burrow system in 2 consecutive trapping periods and observed (with binoculars) using the same burrow system as a social group (Agren et al. 1989a) . Our trapping and handling of Mongolian gerbils in the field followed guidelines approved by the Animal Care and Use Committee of the American Society of Mammalogists (Gannon et al. 2007 ) and were approved by the Institutional Animal Use and Care Committee of the Institute of Zoology, Chinese Academy of Sciences.
Social groups of Mongolian gerbils.-We divided the social organization of Mongolian gerbils into communal groups, male-female pairs, and solitary systems. A social group is composed of individuals that are caught at the same burrow system for 2 successive trapping weeks and includes malefemale pairs and communal groups. A male-female pair includes only a male and a female gerbil, a communal group consists of either a same-sex pair or more than 2 gerbils, and solitary systems are occupied by solitary individuals. We considered juveniles ,30 g to be the members of a social group where they were initially captured. Gerbils that were caught at .1 burrow system during 1 trapping week or at 2 different burrow systems on 2 successive weeks were classified as wanderers.
Demographic parameters of Mongolian gerbils.-We calculated the proportion of adults that are reproductively active as the number of females pregnant or lactating, or the number of males with scrotal tests and visible ventral scent glands divided by the number of adult females or adult males. We also calculated sex ratios as the proportions of females in the total number of unique individuals captured at each trapping period. The age structure of gerbil populations was represented by the proportions of juveniles and adults in the total number of unique individuals captured at each trapping period.
We used the robust-design model within program MARK (White and Burnham 1999) to estimate population size for each period. The robust-design model is a combination of the Cormack-Jolly-Seber model (Cormack 1964; Jolly 1965; Seber 1965) and closed capture models (Kendall 2001; Pollock 1982) . The robust design consists of primary trapping periods (biweekly trapping periods in our study), over which populations are open, and secondary trapping occasions (3 trapping days of each trapping week in our study) within each primary period. Populations are assumed to be closed within each secondary period. The robust design uses the capturerecapture information from secondary occasions to improve the estimation of capture and recapture probabilities and subsequently improve the precision of population size estimates (Pollock 1982) . We used the first 3 days of trapping records within each period to make encounter history input data for the robust-design models; thus, we had 12 primary trapping periods and 3 secondary trapping occasions within each primary period. No goodness-of-fit tests are available for robust-design models (Bailey et al. 2004) . We assumed that the gerbil population was closed within each primary period because each period was only 3 days. Given relatively small sample sizes, we imposed some constraints on the estimations of initial capture probabilities (p) and recapture probabilities (c). We assumed that the probabilities p and c were constant within each primary period but changed over the primary periods to reduce the number of parameters to estimate. We also parameterized the robust-design models with 1st-order Markov emigration, random emigration, or no emigration of gerbils, respectively. We used Akaike's information criterion corrected for small sample size (AICc) to select the mostparsimonious models from the candidate models (Burnham and Anderson 2002) . The best approximating model has the lowest AICc value. DAICc of a model was computed as the AICc difference between the model and the most parsimonious model (Burnham and Anderson 2002) .
We used the Cormack-Jolly-Seber models within program MARK to estimate biweekly, apparent survival of Mongolian gerbils. We included time, sex, and sex 3 time interaction as factors affecting the probabilities of survival and capture in the Cormack-Jolly-Seber models to generate 16 different candidate models, which included all possible combinations of time, sex, and sex 3 time interaction. We used program U-CARE (Pradel et al. 2003) to test the goodness-of-fit and used the variance inflation factor ĉ (5x 2 /d.f.) estimated from program U-CARE to correct for the overdispersion in the data before model selection if necessary (White and Burnham 1999) . We used the AICc or quasi AICc (when the overdispersion is corrected for with the factor ĉ) to select the mostparsimonious models from the 16 candidate models (Burnham and Anderson 2002) . If sex was not included in the mostparsimonious and competing models, we concluded that sex did not exert a large effect on survival.
We used the multistate models within program MARK (White et al. 2006 ) to test the hypothesis regarding the tradeoffs between reproduction and survival in Mongolian gerbils, following a similar approach used by Nichols et al. (1994) . Based on the live encounter histories and our data on the reproductive condition of each marked individual, we divided marked individuals of each sex into 3 strata: sexually immature (never being in reproductive condition before and at the time of capture); sexually active at the time of capture; and reproductively inactive, but bred previously. In a preliminary analysis, we found that apparent survival probabilities were not identifiable for several periods in a full time-effect, multistate model, where apparent survival changed over the trapping periods. Given our relatively small sample sizes, our multistate models included only seasonal effects on survival and transitional probabilities instead of a full time effect. We divided the entire study period into the breeding season (the first 6 trapping periods from April to mid-August) and nonbreeding season (the last 4 periods from late August to October) when very few females were captured in reproductive condition. We assumed that apparent, statespecific survival and probabilities of transition were constant within a season but may have differed between the 2 seasons. Additionally, our Cormack-Jolly-Seber model results showed that capture probabilities were independent of sex but changed over time. Our livetrapping methods provided relatively high capture probability (average p 5 0.9 in the Cormack-JollySeber models); thus, we assumed that capture probability was independent of sex and reproductive condition but differed over time in the multistate models. When capture probability is high, heterogeneity in capture probability is negligible (Williams et al. 2001) . We used program U-CARE to test the goodness-of-fit of our multistate models.
RESULTS
We had 2,544 captures of 340 individual (165 males and 175 females) gerbils from April through October 2006. We observed 164 social groups and 46 solitary individuals during our 12 trapping weeks at 30 burrow systems. Social groups consisted of 2-18 individuals. We found 142 communal groups (68%) and 22 male-female groups (10%). Solitary individuals included 27 single females and 19 single males. The communal groups consisted of 0-4 breeding males, 0-3 breeding females, and 0-11 juveniles and averaged 6.7 individuals per burrow system (SE 5 0.3). Sex ratios (the proportions of females) of communal groups ranged from 0.00 to 1.00 and averaged 0.60 (SE 5 0.02), and the average proportion of adults in communal groups was 0.70 (SE 5 0.03) during the whole study period.
Sex ratios fluctuated over time, ranging from 0.52 to 0.77 and averaging 0.60 (SE 5 0.26; Fig. 1) ; thus, the gerbil population was female-biased. The proportion of adult females in reproductive condition declined from 0.31 to 0.0 from late April to late August; meanwhile, the proportion of adult males that were reproductively active declined from 0.50 to 0.13 (Fig. 1) . No females were captured in reproductive condition from late August through the end of our study (Fig. 1) . Therefore, the breeding season lasted about 4 months from late April through late August in 2006. Forty-one (23.4%) of 175 captured females reproduced during the breeding season. Of these, 80.5% (33/41) bred once, 7.3% (3/41) bred twice, and 12.2% (5/41) bred 3 times. The number of breeding bouts per female averaged 1.3 (SE 5 0.1) during the breeding season. Age structure was skewed toward young individuals only in mid-September and toward adults otherwise. The average proportion of the population comprised of adults was 0.71 (SE 5 0.04) during our study period (Fig. 2) .
We identified 2 competing robust-design models with DAICc , 2 for population size (Table 1 ). The sum of Akaike weights of the 2 competing models was 73.7%. The competing models had the 1st-order Markov or random emigration of gerbils. We found no evidence for behavioral biases on trapping probability: the capture (p) and recapture (c) probabilities were equal but changed over time. We computed the model-averaged population sizes and their 95% confidence intervals (95% CIs). Population sizes increased initially from the spring to the summer and then declined toward the autumn and winter (Fig. 3) . Conservative estimates (population size divided by the area of our trapping plot) of the gerbil densities ranged from 3.5 to 18.8 animals/ha. The best approximating Cormack-Jolly-Seber model had an Akaike weight of 98.9% and did not include an effect of sex on survival, demonstrating that apparent survival probabilities were indistinguishable between the sexes but changed over time (Table 2 ). The estimates of apparent survival probability declined from 0.8 to 0.5 over our study period (Fig. 4) . Stratum-specific, apparent survival of males and females differed between the non-breeding and breeding seasons (Table 3) . Apparent survival was lower during the nonbreeding season than the breeding season except for that of the reproductively inactive, but previously reproductively active, males, which was greater during the nonbreeding season than the breeding season (Figs. 5a and 5b) . No evidence suggested that reproductive activity came at a cost to future survival for female gerbils. Apparent survival of breeding females (w 5 0.85) was slightly higher than that of the reproductively inactive, but previously reproductively active, females (w 5 0.80) during the breeding season, but the 95% CIs overlapped (Fig. 5b) . However, apparent survival of the reproductively inactive, but previously reproductively active, males (w 5 0.38) was clearly lower than that of the breeding males (w 5 0.81) during the breeding season, and the 95% CIs did not overlap (Fig. 5a) . Therefore, the reproductively inactive, but previously reproductively active, males suffered higher postbreeding mortality during the breeding season compared to the breeding males, and we concluded that a trade-off between reproduction and survival occurred in the breeding males.
DISCUSSION
The population of Mongolian gerbils in this study exhibited sociality and most gerbils lived in social groups. About 68% of social groups recognized were communal groups, consisting of .2 individuals. However, some gerbil communal groups had .1 breeding female; this finding is contrary to previous findings from laboratory studies that gerbils were socially monogamous and only founding pairs bred in social groups (Clark and Galef 2001) . Agren et al. (1989a) also reported extrapair copulations in wild Mongolian gerbils. Our findings of extrapair mating and plural breeders in wild Mongolian gerbils have raised doubts about the social monogamy and cooperative breeding of Mongolian gerbils that warrant future studies of the within-group genetic relatedness and mating systems of Mongolian gerbils, using both field observations and molecular techniques.
Survival, reproduction, emigration, and immigration influence the dynamics and structure of populations (Bryja et al. 2005; Clutton-Brock and Coulson 2003; Krebs 2003) . For instance, sexually differential survival, recruitment, and dispersal alter the sex ratio of populations. Differences in the probability of capture between the sexes bias the estimation of sex ratios computed with counts from livetrapping (Bryja et al. 2005) ; however, the probabilities of capture did not differ between the sexes in our study (Table 2 ) and, thus, did not confound our estimates of sex ratios. The statespecific, apparent survival of male gerbils tended to be lower than that of females in our multistate models (Fig. 5) . The Cormack-Jolly-Seber model and its extension (including multistate models) cannot separate permanent emigration from true mortality, and the estimation of survival is confounded by permanent emigration. Therefore, the femalebiased sex ratio of Mongolian gerbils (Fig. 1) was probably due to either male-biased dispersal or relatively high male mortality. -Model selection of the robust-design closed-population models for the estimations of population sizes of Mongolian gerbils (Meriones unguiculatus) in Inner Mongolia, China. Symbol p(t.) denotes the probability of initial capture, which was assumed to change over the primary sessions but remain constant within a primary session; S(t) denotes the estimate of apparent survival; c(t.) denotes the probability of recapture, which was assumed to change over the primary sessions but remained constant within a primary session; c9 denotes the probability of emigration; c0 denotes the probability of immigration; N denotes population size; and t denotes the time effect. Random and Markov refer to random temporary emigration and Markov temporary emigration, respectively. Deviance is 2 times negative log-likelihood value of a model. AIC c is Akaike's information criterion corrected for small sample size. The gerbil population was skewed toward older animals (Fig. 2) . Only 19% of a wild Mongolian gerbil population at Xilinhot, Inner Mongolia, were juveniles (Agren et al. 1989a ). Likewise, lesser Egyptian gerbil (Gerbillus gerbillus) populations in the desert of the Negev Highlands and Arava Valley, Israel, were biased toward older individuals (Sinai et al. 2003) . Desert rodents adopt a pulse-averaging strategy (or a bethedging strategy -Perrin 1989) as an adaptation to unpredictable environments, maintaining high adult survival but low juvenile recruitment (Harris and Macdonald 2007; Kenagy and Bartholomew 1985) . Mongolian gerbils are distributed in desert grasslands with the autumn climate and the duration of winter unpredictable. Like desert rodents, reproductive intensity and output were relatively low in the gerbil. For example, the proportion of reproducing females was low (0.24), and 80.5% of reproducing females bred only once and 19.5% of females bred more than once during the breeding season. Additionally, the gerbil breeding season was restricted to the wet season (Fig. 1) . Low juvenile recruitment and relatively high adult survival render a high proportion of older individuals, and so does juvenile-biased dispersal. Therefore, an extensive, multiyear capture-mark-recapture study of juvenile recruitment, juvenile dispersal, and resource availability is warranted for assessment of the pulse-averaging model in Mongolian gerbils.
Seasonal variation in demographic rates, such as survival and reproduction, results in seasonal fluctuations of small rodent abundances. Seasonal fluctuations are an important component of small mammal population dynamics (Crespin et al. 2002; Turchin and Ostfeld 1997; Wang and Getz 2007) . Annual fluctuations of northern rodent populations are unimodal and are characterized by winter and spring declines, summer increases, and autumn peaks in abundance (Alibhai and Gipps 1985; Falls et al. 2007; Flowerdew 1985) . The unimodal pattern of seasonal abundance was in part ascribed to the autumn and winter deceases and summer increases in survival, reproduction, and recruitment in other rodents (Falls et al. 2007; Jacquot and Vessey 1998; Rintamaa et al. 1976) . The gerbil population in our study also exhibited a unimodal pattern of abundance but peaked relatively early (Fig. 3) . Liu et al. (2007) also found that gerbil abundance peaked in the summer. The summer abundance peak might be due to the relatively short breeding season (Fig. 1) and the declining trend of survival and reproduction during the study period (Figs. 1 and 4) .
Trade-offs between survival and reproduction occur in animals due to the costs of reproduction to future survival (Stearns 1992) . For instance, litter enlargement reduced the survival and fecundity of mothers in bank voles (Koivula et al. 2003) . Likewise, Lambin and Yoccoz (2001) suggested a trade-off between survival and reproduction in female Townsend's voles (Microtus townsendii). However, Nichols et al. (1994) did not find any evidence of trade-offs between survival and reproduction in female meadow voles (Microtus pennsylvanicus), using multistate models. Jacquot and Vessey (1998) argue that the trade-off between survival and (Weladji et al. 2008) . Nonetheless, we found evidence of the trade-off in male gerbils in our study (Fig. 5a ). Territory-defensive chasing primarily occurred between the intergroup males of wild Mongolian gerbils (Agren et al. 1989a) . Generic relatedness between the female gerbils measured with 9 microsatellite DNA markers was 1.36 times as high as that between the males (Y. Wang, Zhijiang Normal University, China, pers. obs.). It is possible that cooperation and kinship enhanced the survival of breeding females to offset the cost of reproduction; on the other hand, low genetic relatedness and intensive territory-defense behavior may reduce survival of males. Understanding the fitness effects of kinship and genetic relatedness are crucial to elucidating the demographic mechanism of group formation in Mongolian gerbils and other social rodents. 
